The nature of H(H2O)n + cations for n ) 3-8 with weakly basic carborane counterions has been studied by IR spectroscopy in benzene and dichloroethane solution. Contrary to general expectation, neither Eigen-type H 3O · 3H2O + nor Zundel-type H5O2 + · 4H2O ions are present. Rather, the core species is the H 7O3 + ion.
Introduction
The current state of knowledge of the aquated proton H (aq) + is in a curious position. In water, the "excess proton" is widely believed to exist in two limiting forms, the Eigen-type H 3 O + ion 1 and the Zundel-type H 5 O 2 + ion, 2 coexisting in a dynamic equilibrium. These ions are well characterized in crystalline salts, 3,4 organic solvents, 5-7 and the gas phase, [8] [9] [10] but the extent to which they represent H (aq) + in water has not been determined experimentally. The belief that H (aq) + is an approximately 60: 40 ratio of hydrated Eigen:Zundel ions is based on theory.
11,12
The problem of developing an accurate molecular description of H + in water lies in the difficulty of accurately separating its spectroscopic signature(s) from those of the background water, and in interpreting the resulting spectra. Infrared is the spectroscopy of choice because of its sensitivity and fast time scale, but the IR spectrum of H (aq) + is notoriously broad. A poorly understood continuous broad absorption associated with the vibrations of the excess proton extends over the much of the useful IR range. These difficulties have shifted attention to the gas phase. The underlying assumption is that an accurate molecular description of each ion-selected hydrate H(H 2 O) n + via step-by-step increasing n will ultimately lead to an understanding of H ( 21 + have distinctive structural characteristics and heightened stability compared to their near n neighbors. [15] [16] [17] [18] While gas-phase studies have obvious and direct importance in atmospheric chemistry, there are reasons to doubt that such a close relationship will hold in condensed phases s where so much acid chemistry is carried out. Gas-phase ion chemistry (and theory) is carried out in the absence of counterions, whereas all condensed-phase chemistry must deal with the necessity of a conjugate base. Even strong acids that fully ionize in a solvent are subject to ion pairing. The unidirectional electric field created by the proximity of an anion will affect the structures of the H(H 2 O) n + cations. Structural isomers of H(H 2 O) n + for n ) 5-8 are calculated in Vacuo to be very close in energy, 10,19-22 so their structures should be quite sensitive to environmental influences in condensed media.
In the solid state, X-ray crystal structures of hydrated acids were studied quite extensively in the late 1970s. 23 In favorable circumstances, they can be expected to reflect the structures of ions in other phases. For example, if an H(H 2 O) n + ion is surrounded in a crystal by a spherically symmetric anion field, it might be expected to reflect the gas-phase structure of the cation. In anion fields of lower symmetry, an H(H 2 O) n + ion might be expected to reflect ion-paired structures of hydrated acids in solution. Given these considerations, as well as the importance of the hydrated proton in acid catalysis, fuel cell electrolytes, and acid/ base chemistry in general, we are focusing on the nature of the hydrated proton in organic solvents, where studies are few. Just as in the gas phase, water molecules can be controlled and sequentially attached to the proton, forming H(H 2 O) n + clusters. The ease of formation, structure, and composition of these cations depend strongly on the basicity of the solvent and the basicity of the anion, i.e., the strength of the conjugate acid. In weakly basic solvents like CH 2 Cl 2 , acids such as HCl are hydrated mainly without proton transfer to H 2 O molecules.
24
Simple H-bonded solvates of the type HA · (H 2 O) n prevail rather than ionized H(H 2 O) n + clusters. With solvents of higher basicity such as tributylphosphate (TBP), whose basicity is close to that of water, proton transfer to H 2 O becomes possible but is accompanied by waterless TBP · HA monosolvates.
25 Stronger acids such as perchloric and triflic acids certainly protonate water in weakly basic solvents, but the solubilities of the ionized species are low and often insufficient to study their full hydration by IR. Thus, only the mono-and dihydrates of triflic acid, H 3 O + OTf -and H 5 O 2 + OTf -, have been studied in dichloroethane. 26 With increasing solvent basicity, the solubilities of strong acids increase. In TBP for example, HClO 4 and HFeCl 4 form a set of H(H 2 O) n + clusters with step-by-step increasing n up to aggregates with high n that are like reverse nanomicelles.
27,28
The protons are located in the water core of these micelles near the boundary with the TBP solvation shell in the form of tetrasolvated
The counterions are weakly ion-paired to the water micelle in the case of ClO 4
-but remote and non-interacting in the case of the more weakly basic FeCl 4 -anion. These observations highlight the need for a strong acid whose H(H 2 O) n + salts are soluble in lowbasicity solvents and whose anion will have minimal influence on the structures of the H(H 2 O) n + cations. Suitable acids have recently become available in carborane superacids, H(CHB 11 R 5 X 6 ) (R ) H, Cl, Br, I; X ) Cl, Br, I; see Figure 1 ). We now apply these methods to the more normal laboratory conditions of wet organic solvents, where higher hydrates prevail. Benzene and dichloroethane are chosen because they are common solvents for synthetic chemistry.
Experimental Section
Carborane acids H(CHB 11 H 5 Br 6 ), H(CHB 11 Cl 11 ), and H(CHB 11 I 11 ) (abbreviated H{H 5 Br 6 }, H{Cl 11 }, and H{I 11 }, respectively) and their arenium ion salts were prepared as previously described. 30 IR spectrum of H(H2O)n + {H5Br6 -} in DCE solution with N ) 3.7 after sequential subtraction of dry DCE and hexamethylbenzene (black) and then free dissolved water, resulting in the final spectrum (red). For reference, the spectrum of 0.1 M water in DCE (after subtracting DCE) is shown in dashed blue.
procedure. Subtraction of the dissolved water using spectra of 0.1 M water-saturated DCE or 0.2 M water-saturated benzene with a scaling factor f i allowed determination of the concentration of "free" water dissolved in the solutions under study: The water-saturated DCE solutions of H(H 2 O) n + {I 11 -} and H(H 2 O) n + {CCD -} acids were prepared by extraction from water solution of their Cs{I 11 } or H/Na{CCD} salts containing 2-4 M H 2 SO 4 . The separated organic phase was washed four or five times with 1-2 M H 2 SO 4 and then with distilled water. The molar concentrations of the acids were determined from the intensity of IR absorption of the {I 11 -} and {CCD -} anions compared to standard DCE solutions of (Oct) 3 NH
The total water concentration was determined using 1 H NMR. The initial DCE solvent was made 0.2 M in chloroform as an internal standard. In the NMR spectra of water-saturated DCE solutions, the signal integrations of chloroform (at 7.26 ppm) and water (at 1.49 ppm) give the ratio 1.00:1.03, in good agreement with the known water content of 0.1 M. 35 In the spectra of H(H 2 O) n + {I 11 -} and H(H 2 O) n + {CCD -}, the ratio of these signals allowed determination of the total water concentration, C H2O 0 , and the molar ratio N ) (C H2O
With the exception of water-saturated solvents, all solutions were prepared in a Vacuum Atmospheres Corp. glovebox under nitrogen (O 2 , H 2 O < 0.5 ppm). IR spectra in the 4000-450 cm -1 range were run on a Shimadzu-8300 FT-IR spectrometer housed inside a glovebox. A cell with Si windows having 0.036 mm separation at the beam transmission point was used. To avoid interference effects, the cell configuration was wedge-shaped. IR data were manipulated using GRAMMS software. NMR spectra were run on a Varian INOVA 400 spectrometer.
X 
Results and Discussion
IR spectra of benzene and DCE solutions of carborane acids with different water/acid mole ratios N ) H 2 O/H(carborane) change regularly with increasing N, indicating sequential of hydration of H + . In addition, water molecules may be involved with solvation of the carborane anions. In order to examine this possibility, we studied dichloroethane extracts of cesium carborane salts from water solutions. In addition to the bands from the carborane anions and dissolved water, IR spectra of these extracts developed two new narrow OH stretching bands, ν as at 3655 and ν s at 3578 cm -1 , arising from H 2 O molecules with free OH groups. Since these frequencies are independent of the nature of the carborane anion and are red-shifted compared to those for dissolved monomeric water molecules in DCE (3675 and 3591 cm -1 , respectively), they are assigned to H 2 O molecules bound to the Cs + cation via the O atom. Thus, there are no water molecules involved with hydrating the carborane anions. Taking into account that the νOH frequencies of the H(H 2 O) n + cations discussed below are also independent of the nature of carborane anion, we can conclude that the OH groups of the cations are not H-bonded with counterion. This is consistent with our earlier studies on the H 5 O 2 + · 4Solv cations 7 where, although there is good evidence for ion pairing, H-bonding of the cation occurs only with solvent molecules. Thus, solvent-separated ion pairs of the type [
-are formulated in the present work.
DCE Solutions. IR spectra of H(H 2 O)
n + {H 5 Br 6 -} solutions with water/acid mole ratios N g 2 have been studied. The spectrum of the solution with N ) 2 belongs to the H 5 O 2 + · 4DCE cation. 7 With gradually increasing N to 3, the intensity of the H 5 O 2 + spectrum decreases and disappears. At the same time, the spectrum of the H 7 O 3 + cation appears and reaches a maximum at N ) 3. As shown in Figure 3 , there is an isosbestic point at 3494 cm -1 up to N ) 2.9, confirming that, in this range, only two cations, H 5 O 2 + and H 7 O 3 + , are formed (i.e., N ) n). As N ) 3 is approached, there is a peculiar step change in the H 7 O 3 + spectrum (Figure 3 ). This change is consistently reproducible and indicates the existence of two forms of the H 7 O 3 + cation: the R isomer at N < 3 and the isomer at N > 3. Their individual spectra are shown in Figure  4 and, as discussed in more detail below, are ascribed to different degrees of ion pairing. With further increase of N from 3 to 5.2, the spectrum of -H 7 O 3 + is transformed into that for the more highly hydrated H(H 2 O) n + cations with isosbestic points at 3542 and 3467 cm -1 ( Figure 5 ). This means either that H 7 O 3 + is transformed into a single H(H 2 O) n + cation with constant n, which seems improbable, or that a set of spectroscopically indistinguishable compounds with variable n g 4 are formed, which will need a specific explanation.
Proton hydrates can be followed as a function of N via the change in frequency of ν as H 2 O from the terminal H 2 O molecules, i.e., the "free" OH groups that are H-bonded to solvent. shown in Figure 6 , for N ) 2-3, the ν as H 2 O frequency of R-H 7 O 3 + is constant. At N ≈ 3, the Rf isomerism of H 7 O 3 + takes place, and ν as H 2 O jumps steeply. In the range N > 3, ν as H 2 O bands of -H 7 O 3 + and higher H(H 2 O) n + hydrates are strongly overlapped, and their joint maximum weakly increases in frequency as cations with n > 3 are formed. The procedures necessary to obtain samples of known water concentration (see Experimental Section) do not allow the total water concentration to exceed that of water-saturated DCE (0.1 M), and the maximum N value we can study is 5.2. On the other hand, a DCE extract from aqueous H{H 5 Br 6 } has a higher total concentration of water, and the ν as H 2 O frequency is 3636 ( 1 cm -1 . Extrapolation using the Figure 6 dependence indicates that this frequency corresponds on average to the H(H 2 O) 6 + cation.
If successive H(H 2 O) n + cations have strongly differing stability constants K n , then the dependence of the free dissolved water concentration C H2O free on n should be stepped since, in accordance with equilibria
free includes, in addition to C n and C n-1 , the concentrations of H(H 2 O) n + and H(H 2 O) n-1 + cations, respectively, the concentration of free dissolved water, C H2O free . However, as shown in Figure 7 , the dependence of C H2O free on n shows only one step at n ) 3, when formation of H 7 O 3 + cation is complete and a detectable concentration of free dissolved water appears. With further increasing n, the dependence increases steeply and linearly, indicating that the K n constants for cations with n g 4 are low and do not differ significantly. Extrapolation to water-saturated DCE (C H2O free ) 0.1 M) results in n ) 6, confirming that the highest formed proton hydrate is the H(H 2 O) 6 + ion. The dependence of C H2O free on n allows the determination of K n values for cations with n g 4. For equal concentrations of + cation concentration in solutions as N increases from 2 to 3 and extrapolates to zero at N ) 2 (Figure 8 ). This confirms a peculiarity established earlier, namely that, in the IR spectrum of the H 5 O 2 + cation, the δH 2 O band is not observed. 7 At N ≈ 3, the I 1608 dependence on N changes slope and then continues to grow with increasing n, in line with the increasing number of terminal water molecules in H(H 2 O) n + cations. They can contain two types of terminal H 2 O: type (i), with both OH groups free, or type (ii), with one free and the other H-bonded.
Their δH 2 O frequencies coincide because the addition of a single H-bond in (ii) has a minimal effect on the force constant of this vibration. On the other hand, when both O-H groups are H-bonded to additional water molecules, as in coordination type (iii), the δH 2 O frequency is detectably higher.
In summary, IR spectra of DCE solutions show that only the H 5 O 2 + and H 7 O 3 + cations have specific identities. H(H 2 O) n + cations with n ) 4-6 develop as a single family of compounds with spectroscopic properties sufficiently similar that it is impossible to detect their successive formation. They differ only slightly in the bands arising from their terminal water molecules. Benzene Solutions. The IR spectra of H(H 2 O) n + cations in benzene solution are quite similar to those for DCE and are essentially independent of the nature of the counterion, {Cl 11 -} or {Me 5 Br 6 -}. Therefore, we will discuss the spectra of solutions of the H{Cl 11 } acid, whose hydrates are more soluble in benzene.
The spectrum of the cation formed in solution with N ) 2 belongs to H 5 O 2 + . 7 With N increasing to 3, the intensity of the H 5 O 2 + spectrum decreases as the spectrum of the H 7 O 3 + cation increases, with an isosbestic point at 3447 cm -1 (Figure 9 ). However, in the range of N ) 2.6-2.9, the spectrum of the H 7 O 3 + cation changes rapidly such that, at N ) 3, the spectrum does not cross the isosbestic point. Just as in DCE solution, the H 7 O 3 + cation must exist in two isomeric forms in benzene solution: R (N ) 2-2.6) and (N g 2.9). Their spectra are given in Figure 10 .
With increasing N from 3 to 4, the spectra change, with a new isosbestic point at 3544 cm -1 indicating transformation of the H 7 O 3 + cation into H(H 2 O) n + (Figure 11 ). The spectra with N > 4 do not cross exactly at 3544 cm -1 , indicating that the H(H 2 O) 4 + cation may differ slightly more from cations with n g 5 in benzene compared to DCE.
Spectra and Structures of the H(H 2 O) n + Cations. H 7 O 3
+ . IR spectra of the R and isomers of the H 7 O 3 + cation are both in agreement with the symmetrical cation structure I.
They show two types of OH stretching vibrations from terminal OH groups: first, ν s H 2 O and ν as H 2 O from the two equivalent H 2 O molecules and second, a lower frequency νOH band from the group labeled OH* in I. The deconvolution is shown in Figure 12 , and the data are listed in Table 1 . The δH 2 O bend is at 1608 cm -1 . Vibrations from the conjugated
+ group develop as a continuous broad absorption in the range 1400-3100 cm -1 (Figures 4 and 10 ) with a particular shape (discussed below). The OH stretching frequencies of the terminal OH groups of the R isomer are somewhat red-shifted compared with those for the isomer, and the band intensity is slightly higher (Figures 4, 10, and 12) . This means that the R isomer experiences a somewhat stronger interaction with its environment. It is likely that R-H 7 O 3 + forms mixed-ion associates of the type (
since the R isomer exists only in the presence of H 5 O 2 + when N < 3. The destruction of these mixed associates as N approaches 3 can be understood in terms of the disappearance of the H 5 O 2 + ion, resulting in the formation of the isomer. Related associates were found in reverse nanomicelles formed in wet TBP solutions of HFeCl 4 and HCl. 28 They have a specific HFeCl 4 /HCl mole ratio and are destroyed when this molar ratio is not supplied.
The distinctive continuous broad absorption (cba) in the spectrum of H 7 O 3 + in the 1400-3100 cm -1 frequency range, which notably is absent in the spectrum of the H 5 O 2 + cation, Table 2 , this group of compounds includes dimers of dialkylphosphoric and dialkylphosphinic acids, the salts of carboxylic acids with organic basics, and a variety of other acid salts. The IR spectra of compounds containing a conjugated (biprotonic) group of the (X · · · H-O-H · · · X) + type with X ) heteroatom, whose stretching and bending vibrations are strongly coupling, nevertheless develop the same cba. 48, 49 The shape of the cba is quite specific, having so-called A (∼2600-2800 cm ), and C (1700-1800 cm -1 ) structure. 50 There are different points of views on the interpretation of the A, B, C structure of the cba band, 51 but Fermi resonance between the νOH stretch and the overtones of low-frequency vibrations of the O-H · · · O group, namely with the first overtones of the in-plane δ(OHO) (A and B bands) and outof-plane γ(OHO) (C band) vibrations, is gaining wide acceptance. [36] [37] [38] 52, 53 The Fermi resonance nature of the A, B, and C bands and the correct assignments of the δ(OHO) and γ(OHO) bands have been rigorously confirmed on the basis of polarization data in the IR and Raman bands in the spectra of acid sulfates, phosphates, and selenates of potassium and cesium at 300 and 20 K. 39, 41, 42 Since the cba represents a very broad OH stretching band and its shape is distorted by Fermi resonance, νOH is determined as the center of gravity of cba absorption. 37, 38 The cba does not significantly depend on the energy/enthalpy of the Hbonding, the temperature (80-550 K), or the state of matter. 45 However, the center of gravity (i.e., νOH) depends on O · · · O distance. With O · · · O decreasing to 2. 41 (Figure 13 ). Thus, it has a separate identity. Since its IR spectrum differs considerably from 56 The symmetry arises from a nearly symmetrical anion/hydrate field, as shown in (iv).
The proton labeled H* is more tightly H-bonded to bromide than those from the terminal water molecules, reflecting its closer proximity to the positive charge. The interaction with two water solvate molecules is weak. Unfortunately, because of the presence of H 9 O 4 + (and H 2 O) in these crystals, they are not suitable for IR investigation of the H 7 O 3 + ion. Lacking good hydrates for structure/spectra correlation, we turn to the methanol analogue of the H 3 O 3 + ion, namely the H(CH 3 OH) 3 + cation, which has a similar cba band and has been characterized by X-ray crystallography. 3 + can be understood in terms of the weaker intrinsic basicity of water versus methanol. Nevertheless, the availability of five terminal OH groups in H 7 O 3 + instead of two in H(CH 3 OH) 3 + for H-bonding with the environment must also play an important role. The H 7 O 3 + cation can more effectively transfer positive charge from the (O · · · H-O-H · · · O) + group to the environment via a greater number of H-bonds. in the unit cell. Thermal ellipsoids are shown at the 50% probability level. A weak blue shift of the cba center of gravity and the νOH frequencies of the terminal OH groups of the isomer of H 7 O 3 + compared to those for the R isomer (Tables 1 and 3 + cation as an individual entity is detected with higher certainty in the lower permittivity solvent, benzene, rather than DCE. As shown in Figure 15 , its IR spectrum is very similar to that of -H 7 O 3 + . The two differences are that (a) the νOH* band of the "free" OH* group at 3458 cm -1 is red-shifted to the region of ∼3200 As noted earlier, the close similarity of the spectroscopic properties of H(H 2 O) n + cations with n g 4 means that these cations all belong to one family of compounds. Their spectra show isosbestic points, and the only significant differences arise from absorptions from the increasing number of peripheral water molecules (Figure 16 ). All the data can be rationalized by the sequential attachment of three water molecules to the H 7 O 3 + cation in structures III, IV, and V for n ) 4, 5, and 6, respectively (L ) solvent). In each cation, the (O · · · H-O-H · · · O) + structural unit of the H 7 O 3 + ion is retained as the basic building block.
Consistent with these structures, only the spectra for N ) 5 and 6 show an increase in intensity of the broad band νOH at 3327 cm -1 (Figure 16 ) arising from the H-bonded OH groups of semihydrated water molecules (designated earlier as type (ii) and indicated in blue in IV and V). This is accompanied by a Fermi resonance band at 3180 cm -1 from the overtone of 2δH 2 O. Finally, the constancy of the δH 2 O frequency at 1608-1610 cm -1 for all cations with n ) 3-6 is in agreement with structures IV and V, since they contain closely related peripheral water molecules only of types (i) and (ii).
The H(H 2 O) 6 + cation with {H 5 Br 6 -} counterion is formed in DCE solution under conditions of water saturation. However, by using alternative carborane acids and extracting them from aqueous solution at varying temperatures, H(H 2 O) n + cations with n > 6 may by obtained. Figure 17 presents the spectra of cations from aqueous H{CCD} extracts with N varying from 5.5-6.5, as well as the spectrum of an H{I 11 } extract in which N reaches 8.2. In all spectra, the absorptions from the core
+ group remain unchanged, as indicated by the constancy of the cba from 3000 to 1500 cm -1 . Let us now consider the interaction between the terminal water molecules and H 7 O 3 + group in more detail. Figure 18 shows the difference spectrum of cations with n ) 4 and 4.74 in order to reveal the bands associated with the fifth added water molecule. The ν as H 2 O band appears at 3650 cm -1 , the lower frequency ν s H 2 O band is masked by other νOH vibrations, and the νOH band from the OH group of the H 7 O 3 + cation to which the fifth H 2 O molecule is H-bonded (type (ii), marked blue in IV) appears at 3350 cm -1 . A small shift in the cba to higher frequency (in the range of the A band) results in a broad band at 2980 cm -1 . With the exception of a weak δH 2 O band from the fifth H 2 O molecule, there are no changes below 2500 cm is weaker. So all changes in the spectra are in accordance with structures III, IV, and V. In the difference spectra of cations with n ) 6.5 and 5.5 (DCE, CCD -as counterion), the intensities of the bands at 3655, 3400, and 1608 cm -1 increase in accordance with additional water molecules of type (i) or (ii). The cba is not changed. However, for the first time, a δH 2 O band appears at ∼1630 cm -1 (Figure 17 inset) . This is assigned to water molecules of type (iii) having both OH groups H-bonded to solvating H 2 O molecules. A similar band with higher intensity appears in the difference spectrum of cations with n ) 8-9 and n ) 5.5. Thus, attachment of the seventh and eighth water molecules to the H(H 2 O) 6 + cation leads to cation VI.
The structure of the H(H 2 O) 7
+ cation has been determined by X-ray in the crystalline hydrate H 2 SiF 6 · 9.5H 2 O.
57 It comprises the H 7 O 3 + building block surrounded with five H 2 O molecules and one F atom from a SiF 6 2-anion as shown in (v). This is very similar to structure VI proposed for H(H 2 O) 8 . 58 The OH* group forms a somewhat stronger H-bond, with R O · · · O ) 2.62 Å, which nevertheless is insufficient to contribute to the cba below 2600 cm -1 .
Comparison with Gas and Solid Phases. The structures of H(H 2 O) n + cations in acidified organic solutions are similar to those in the gas phase only when n ) 1, 2, 7,9 and 3. For n g 4, they can be quite different. In the gas phase, the Gibbs energy dependence of the addition of the -in the blue. In the inset, the difference of the spectra with N ) 8.2 and 5.5 is given to show, with higher certainty, the appearance of the δH 2O band at 1634 cm -1 of the water molecules of type (iii) in cation VI. 
